This paper reports the effect of the SWy-1 montmorillonite content on the kinetic thermal degradation of poly(2-hydroxyethyl methacrylate) (PHEMA)/SWy-1 nanocomposites prepared by in situ photopolymerization, using thermogravimetry analysis (TGA). 2-Hydroxyethyl methacrylate was photopolymerized in the presence of SWy-1 clay mineral using 2-hydroxy-3-(3,4-dimethyl-9-oxo-9H-thioxanthen-2-yloxy)-N,N,N-trimethyl-1-propanium chloride (QTX) and triethanolamine as the photoinitiating system. X-Ray diffraction analysis indicates that the PHEMA/SWy-1 nanocomposites present an intercalated structure. The isoconversional Flynn-Wall-Ozawa method was used to estimate activation energies and pre-exponential factors for the thermal decomposition. All nanocomposites exhibited improvement in their thermal stability, mainly due to the large interaction between the PHEMA intercalated in the SWy-1 structure. The activation energies for PHEMA/SWy-1 nanocomposites increased when increasing the clay content. The SWy-1 clay mineral acts as a better insulator, mass transport barrier and as a "crosslinking agent", increasing the activation energies for the decomposition of the polymer present in the nanocomposites.
Introduction
The interest of industry, as well as academic institutes in polymer-layered clay nanocomposites, has increased in recent years because of their improved characteristics, including enhanced thermal stability, 1,2 mechanical properties, 3 barrier properties 4 and photooxidative stability, 5 even at very low clay content (< 5%), when compared with conventionally filled polymer composites. To achieve these properties, layered silicates, such as montmorillonite (Mt), hectorite and saponite, have been the most commonly used to prepare polymer-clay nanocomposites. 6 Mt is a clay that is classified as a smectite. These silicates are composed of two tetrahedral silica sheets and one central octahedral sheet of magnesia or alumina. The layers organize themselves in a parallel way resulting in stacks with regular interlayer spaces. 7 The association of the layered clay with the polymer can produce traditional microcomposites, as well as intercalated and exfoliated nanocomposites. In microcomposites, the polymer chains are unable to intercalate between the silicate sheets. However, intercalated nanocomposites are formed when polymeric chains are inserted in the silicate layers. On the other hand, when the silicate layers are completely dispersed in the polymer matrix, an exfoliated structure is obtained.
Factors such as nature of the components (layered silicate, polymer, plasticizer and solvent) and the method of preparation are responsible for the interactions of clay particles with polymeric matrix. 8 In general, intercalated or exfoliated polymer-layered clay nanocomposites can be prepared, mainly by in situ polymerization, 3 solution intercalation 9 and melt mixing. 10 The properties of nanocomposites prepared by in situ polymerization can be somewhat superior to those prepared by solution intercalation and melt intercalation methods, since the polymer chains grow inside the interlayer spaces of clay, resulting in clay exfoliation and nanocomposite formation.
due to its similarity with living tissues, and can be used in applications such as soft contact and intraocular lenses. 14 Thermal analysis studies involving PHEMA have been performed on several nanocomposites involving modified sepiolite, 15 montmorillonite, 16 and hydrous Namontmorillonite. 17 These studies revealed that thermal stability of the nanocomposites increases in relation to pure polymers. However, Çaykara and Güven 18 observed that in presence of alumina and silica fillers the thermal stability of PHEMA composites decreases.
In this work, nanocomposites of PHEMA and montmorillonite with different clay mineral contents (0.5, 1.0 and 2.5% m/m) were prepared by in situ photoinitiated polymerization to examine the effect of clay content on the kinetics of their thermal degradation using thermogravimetric analysis (TGA) techniques.
Experimental

Materials
The SWy-1 montmorillonite was supplied by Source Clays Repository of the Clay Minerals Society, University of Missouri, Columbia, Missouri. The clay was purified as described earlier. 19 The synthesis of the polymer was performed with 2-hydroxyethyl methacrylate (HEMA, Sigma-Aldrich) monomer. 2-Hydroxy-3-(3,4-dimethyl-9-oxo-9H-thioxanthen-2-yloxy)-N,N,N-trimethyl-1-propanium chloride (QTX, Nippon Ink) and triethanolamine (Sigma) were used as initiator and co-initiator, respectively. These chemicals were of analytical grade and used without further purification. N,N-Dimethylformamide (HPLC grade, Tedia) was used as solvent.
Photopolymerization
The SWy-1 clay mineral was initially dispersed into Millipore water (Milli Q) by overnight stirring. A 10 mL aliquot of a solution containing HEMA monomer
-2 mol L -1 ) and dispersed clays (0.50, 1.0 or 2.5 wt.%, regarding the monomer) were stirred for 30 min under a nitrogen atmosphere. Afterwards, the samples were irradiated for 1 h using four 100 W Philips Daylight lamps, at room temperature. The resulting nanocomposites were precipitated with cold water. The precipitate was filtered, washed with cold water and dried overnight at 50 ºC under reduced pressure in a vacuum oven. Thin material films were cast from dimethylformamide solutions (3 wt.%) and dried overnight at 50 ºC under reduced pressure in a vacuum oven.
Measurements
The X-ray diffraction (XRD) spectra of the clay and the nanocomposites were recorded on a Rigaku Rotaflex RU-200B diffractometer (Cu, radiation λ = 0.154 nm) at 50 kV, 100 mA. The basal spacing of the samples was calculated using Bragg's equation. 20 The evaluation of the superficial morphology of the compounds was performed by scanning electron microscopy (SEM) using a secondary electron detector of a ZEISS model LEO-440 applying 20 keV energy and a magnification of 10000×. The samples were deposited on an aluminium holder and coated with a gold film of approximately 10 nm.
The TGA curves for PHEMA and the nanocomposites were obtained in an SDT-Q 600 TG/DTA simultaneous module, controlled by an Advantage 4.8 software (both from TA Instruments). The curves were obtained under a dynamic nitrogen atmosphere flowing at 50 mL min 
where A is the pre-exponential factor; E is the apparent activation energy of the degradation process, R is the universal gas constant, β is the heating rate and g(α) is the integrated form of α, the conversion dependence function.
Results and Discussion
Morphology of the PHEMA/clay nanocomposites
The XRD patterns of pure SWy-1 and PHEMA/SWy-1 nanocomposites with 0.5, 1.0 and 2.5 wt.% SWy-1 are shown in Figure 1 . The interlayer spacing can be calculated from the reflection peaks. Pure SWy-1 clay mineral exhibits a reflection at 2θ = 7.8º, which corresponds to a basal spacing of about 11.2 Å.
For the nanocomposites containing 0.5, 1.0, and 2.5 wt.% SWy-1 clay mineral, the reflections appear at 2θ ca. 5º (basal spacing of about 17 Å). These results imply that the silicate layers were separated during the in situ photopolymerization, resulting in an intercalated structure. As can be seen from Figure 1 , even with higher clay concentrations, the basal spacing remains constant, suggesting that clay is homogeneously dispersed in the polymeric matrix. Thermal stability of PHEMA and PHEMA/SWy-1 nanocomposites Figure 3 shows the TGA and differential thermogravimetry (DTG) curves of PHEMA and PHEMA/SWy-1 nanocomposites at a heating rate of 7.5 ºC min -1 . Similar curves were obtained for all different heating rates. It can be seen that the PHEMA mass loss process takes place in three steps.
The first step, in the 70-160 ºC range, is due to water loss. 23 The second stage, between 160-270 ºC, is attributed to the release of residual not polymerized HEMA monomers. The third stage, above 270 ºC, is related to the thermal degradation of PHEMA. This stage involves three different steps at approximately 300-325, 360 and 400-420 ºC, as can be noticed in the inset of Figure 3b . These steps (Scheme 1) can be correlated with the three main reactions proposed for the thermal degradation of PHEMA, namely, depolymerization with elimination of chain-end monomers, which is the major product of thermal degradation of PHEMA (a), reactions on the ester side-chain involving chain scissions and water elimination (b), and bond scission to form free radicals (c). [24] [25] [26] The onset of the decomposition of the nanocomposites was found at temperatures up to 28 ºC higher than for pure PHEMA, indicating the production of a material with improved thermal stability. This can be attributed to two reasons: SWy-1 may avoid the mass transport of volatile products generated during decomposition, and also act as a "crosslinking agent", hindering the motion of the polymer chains. 6, 27 Furthermore, the DTG curves also show that the depolymerization stage becomes less important with higher clay loadings, confirming the higher stability conferred to the nanocomposites by the presence of clay.
Kinetic analysis
The thermal degradation of PHEMA and the 2.5% Mt nanocomposite as a function of the heating rate is presented in Figure 4 (the plots corresponding to the 0.5 and 1.0% Mt nanocomposites are in the Supplementary Information). The thermograms show that, after an initial loss of 20% of the original weight, there is an almost total rapid degradation of the pure PHEMA and the nanocomposites in the range 300-400 ºC. For the decomposition of the nanocomposites around 15-30% is left, probably corresponding to the remaining clay and polymer ashes.
Activation energies (E) and pre-exponential factors (A) of the reactions were determined from the linear fits of (log β) vs. T -1 (taken from Figure 4 ) for 0.05 ≤ α ≤ 0.9 at 0.05 steps. These plots, for pure PHEMA and the 2.5% Mt-containing nanocomposite are shown in Figure 5 (the plots corresponding to the 0.5 and 1.0% Mt nanocomposites are in the Supplementary Information).
As can be seen in Figure 5 , the best fitting straight lines for the Flynn-Wall-Ozawa analysis are parallel, indicating the same activation energies for the depolymerization reactions at different heating rates.
Whereas the activation energy of the decomposition process remains constant when changing the heating rate, this parameter changes during the course of the degradation. This dependence was determined by applying the Flynn-Wall-Ozawa method on the entire variation field of the conversion level and using the recorded TGA curves of the samples at different heating rates. Figure 6 shows the activation energy (E) for the thermal decomposition of the samples as a function of the conversion level.
As can be seen from Figure 6 the behavior of the overall activation energy as a function of the degree of decomposition of PHEMA and the nanocomposites seem to follow different trends. Nevertheless, a distinct pattern becomes apparent for the various clay contents. Whereas for pure PHEMA there is a continuous decrease over the whole range of conversion, for the 0.5% Mt nanocomposite, a plateau starts at about α ca. 0.5. When analysing the other two nanocomposites, it can be seen that this plateau starts at α ca. 0.1 and ca. 0.2 (for PHEMA-SWy-1 1.0% and PHEMA-SWy-1 2.5%, respectively) and is followed by a new decrease starting at α ca. 0.6. These three stages could be correlated with the three main reactions (Scheme 1) proposed by Demirelli et al. 24 According to Vyazovkin and Wight, 28 the activation energy dependence observed for pure PHEMA corresponds to the occurrence of two consecutive reactions: a reversible endothermic process followed by the main chain scission involving the loss of water. 20 For the nanocomposites the more complex behavior will involve a combination of various different processes and it can be assumed that the diffusion of gaseous products through the polymer-clay matrix gradually becomes the rate-limiting step of the decomposition. 29 The average activation energies for PHEMA and the nanocomposites were calculated in the range where E is roughly constant and the values are listed in Table 1 . All the correlation coefficients for the calculations of E and A were larger than 0.98. The activation energies for the depolymerization reaction in the presence of clay were higher than that for pure PHEMA. The effect of SWy-1 clay on the thermal stability and the activation energy in the nanocomposites is attributed to the intercalation of the polymer chains into the interlayer spaces of the clay.
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Conclusions
This study shows that intercalated nanocomposites based on poly(2-hydroxyethyl methacrylate)/montmorillonite were successfully prepared by in situ photopolymerization, using a SWy-1 clay mineral. XRD and SEM analyses showed that the clay mineral was homogeneously dispersed in the polymer matrix.
The nanocomposites exhibited improvement in thermal stability as determined by TGA, mainly due to its intercalated structure. DTG curves showed that the depolymerization stage becomes less important with higher clay loadings, suggesting that the clay affects the mechanism of thermal degradation.
In comparison with pure PHEMA, activation energies of nanocomposites are notably higher by the presence of the clay. The E values for nanocomposites increased with the clay content, suggesting an improved thermal stability. The significant increase of activation energies, observed for PHEMA/montmorillonite nanocomposites compared with pure PHEMA, confirms the change in the degradation mechanism with the clay loading.
